ABSTRACT: Spinal deformities due to osteoporotic vertebral compression fractures can be reduced by balloon kyphoplasty, but the correction may be partly lost when the balloon is deflated. The present study aimed to evaluate an intravertebral expander developed to reduce and maintain vertebral body height while cement is injected to correct spinal deformities due to osteoporotic vertebral fractures. The study included 31 osteoporotic vertebral body fractures in 31 patients, classified as A1 according to the AO classification, who underwent kyphoplasty using an intravertebral expander. The kyphosis angle was significantly corrected from 13.4 degrees prior to kyphoplasty to 10.8 degrees (p < 0.01) after surgery, but this correction was lost at 12 months (13.3 degrees). The correction of the kyphosis angle best correlated with the pre-operative mobility of the fracture (r ¼ 0.59, p < 0.01), and the loss of the kyphosis improvement correlated with the amount of correction (r ¼ 0.49, p ¼ 0.01). All patients, except for six with adjacent vertebral fractures, experienced significant pain reduction (VAS 8.7 pre-operatively and 2.0 at 12 months; p < 0.01), and the pain was not affected by the correction of the spinal deformity or the loss of correction in the follow-up period. These results suggest that the mobility of the fracture mainly determines the extent of deformity correction rather the device used for reduction, and greater corrections are at increased risk for losing the improvement. ß
An osteoporotic vertebral compression fracture (OVBF) is very common in elderly people, causing pain and disability, and is associated with high morbidity and mortality. 1 Pain can persist despite conservative treatment, including analgesia and antiresorptive medication, bedrest, bracing, and physiotherapy. 2 Furthermore, the kyphotic deformity resulting from the fracture may intensify pain and favor additional breakage due to altered spinal biomechanics. 3 Kyphoplasty is a minimally invasive procedure to restore the vertebral body height (VBH), diminish kyphosis, and reduce pain. Most commonly, an inflatable balloon is introduced percutaneously into the vertebral body, and its inflation pushes the endplates apart and creates a void. After deflation and removal of the balloon, the created void is filled with bone cement. However, loss of correction may occur once the balloon is deflated and removed prior to cement application. 4, 5 Consequently, other implants have been developed to maintain the correction while cement is injected, but the results have not been significantly superior to balloon kyphoplasty (BK). 6, 7 The SpineJack 1 is an expandable device that exerts vertical force to the endplate while cement augmentation is performed. The purpose of this prospective study was to evaluate the efficacy of kyphoplasty with the SpineJack 1 to correct the kyphotic deformity and to analyze parameters affecting the restoration and maintenance of spinal alignment.
MATERIALS AND METHODS
Level of Evidence: 2 A total of 42 consecutive patients with painful OVBF of the thoracolumbar spine (T6 to L5), who were considered for kyphoplasty, were enrolled in our study ( Table 1 ). The kyphoplasty was recommended when the fracture resulted in a kyphosis of at least 5 degrees or a height loss of 20 percent. A conservative treatment was not performed prior to the kyphoplasty procedure because the primary goal was the correction of the spine alignment. The inclusion criterion was an osteoporotic vertebral body fracture within the last 3 months. An osteoporotic cause of the fracture was diagnosed by excluding adequate trauma prior to back pain onset. We excluded patients with more than two vertebral body fractures or fractures based on malignancy. Furthermore, patients who previously underwent spinal operations, had existing signs of spinal infection, or had a spinal deformity (scoliosis) were excluded. Of the 42 enrolled patients, 31 (24 females and seven males, average age 67.7 years; age range 46-88 years, SD ¼ 11.9 years) completed the clinical and radiological evaluations up to 12 months after the procedure. Of the remaining 11 patients, four patients denied postoperative follow-up, one patient died due to heart failure, one patient was not available for follow-up due to immigration to another country, and five patients were lost after surgery.
Lateral and anteroposterior view X-rays of the spine were obtained in a standing position before and after surgery and 12 months postoperatively. The kyphosis angle (KA) of the fractured spine segment was defined as the angle formed by lines drawn parallel to the posterior wall of the vertebral bodies below and above the involved disc and measured on the lateral view X-ray using a picture archiving and communication system (PACS)-implemented goniometer. A negative value indicated lordosis and a positive value kyphosis. The VBH was measured as the distance of the anterior upper and anterior lower edge. To avoid magnification errors on subsequent radiographs, the measured value was corrected by the change in the adjacent non-fractured VBH, as recommended by McKiernan et al. 8 The mobility of the fracture was determined by measuring the VBH on the lateral view X-ray in a supine position with a bolster underneath the fractured vertebral body (Fig. 1) . This was not possible with five patients due to severe back pain. To estimate the prefracture VBH, measurements of the non-fractured VBH above and below the fractured vertebral body were averaged. Similarly, the change in KA caused by the fracture was determined by averaging the KA measurements of the segment above and below the fractured segment. Computed tomography (CT) was performed before surgery to determine the AO classification of the fracture 9 and exclude fracture instability. A postoperative CT was performed to detect cement leakage. The cement leakage was classified into four types; three types were based on the Yeom classification 10 of leakage into the basivertebral vein (B), segmental vein (S), and through the vertebral body wall cortex (C). The fourth type was leakage into the disc space (D). Magnetic resonance imaging (MRI) was performed preoperatively. An enhanced signal in the STIR sequence indicated edema in the vertebral body and recent fracture.
For kyphoplasty, patients were placed in a prone position under general anesthesia. A 10-gauge needle was introduced into the vertebral body through both pedicles under biplanar fluoroscopic guidance. The needle was carefully placed central to the upper and lower endplates and parallel to the non-fractured endplate in a convergent manner, with the tip of the needles approximately 1 cm from one another in the anterior part of the vertebral body. As the pedicle pathway in the mid and upper thoracic spine is not parallel but oblique to the endplates, the needle was placed oblique to the lower endplate in the center of the vertebral bodies in this area. A k-wire was placed through the needle and the needle removed. A 1 cm longitudinal incision was then made in the skin around the k-wire and a cannulated reamer was drilled manually into the vertebral body over the k-wire and up to the anterior part. After drilling the vertebral body, the SpineJack 1 (Vexim, Balma, France) was implanted (Fig. 2) . The SpineJack 1 is a cylindrical implant introduced into the vertebral body through the working cannula. After appropriate placement, the SpineJack 1 was expanded gradually by twisting the grip under lateral continuous fluoroscopic control. The SpineJack 1 was expanded until the desired reduction of the vertebral body was achieved. Cement (Cohesion 1 Bone Cement; Vexim, Balma, France) was then injected manually into the vertebral body under continuous fluoroscopic control. The injection was continued until the cement reached the dorsal one-third of the vertebral body, and immediately stopped if extravasation of cement was observed on fluoroscopic images. We recorded the injected volume of cement and the procedure duration, defined as the period of time from the incision to suturing. The postoperative treatment was the same as for other vertebral body augmentation techniques, patients were mobilized and discharged from the hospital 1 day after the surgery. The patient's pain intensity was self-assessed before and immediately after the procedure, as well as 3 and 12 months postoperatively using a visual analogue scale (VAS) on which zero indicates "no pain" and 10 indicates "most severe pain." Sample size (n ¼ 30) was calculated using a nonparametric Wilcoxon matched-pair test based on a power of 80% with a two-sided a of 5%. To compensate for possible loss, 42 patients were enrolled. The significance of changes in follow-up data before and after surgery were tested using the Wilcoxon matched pair test. The correlations between various parameters, including correction of the VBH, correction of the KA, volume of injected cement, fracture mobility, age of the fracture, and loss of correction were calculated by the Pearson correlation test. The level of significance was set at p < 0.05. The software BiAS for Windows (version 11, epsilon-Verlag Hochheim-Darmstadt, Germany) was used for statistical analyses. The study was registered at Clinicaltrial.gov (NCT 03521661) and was approved by our institution's ethics committee (approval no. 477/14).
RESULTS
The average procedure duration was 41.3 min (SD, 11.2 min). The average injected cement volume in the vertebral body after implantation of the SpineJack 1 was 5.2 ml (range 3.0-10.8 ml; SD ¼ 1.9 ml). Cement leakage, detected on the postoperative CT, was observed in 17 (54.8%) of the 31 treated vertebral bodies. In three vertebral bodies, two types of cement leakage occurred. Cement leakage occurred more frequently via sinusoidal veins (Types of leakage: 10 S, 5 B, 3 D, and 2C, Table 1 ). All patients with cement leakage were asymptomatic. Six patients (19.3%) suffered adjacent vertebral body fractures, all in the cranial vertebral body, within three postoperative months. Three of the patients were treated with cement augmentation and three were treated conservatively.
All patients reported a significantly lower pain level after kyphoplasty. The mean pain score prior to the procedure was 8.7 (SD ¼ 1.0). Immediately after the procedure, the pain score was significantly reduced to 2.7 (SD ¼ 1.5, p < 0.01) and continued to decrease after 3 and 12 months to 2.0 (SD ¼ 2.7; p < 0.01) and 1.5 (SD ¼ 2.4, p < 0.01), respectively. Patients who suffered adjacent vertebral body fractures had increased pain scores. Two of the three patients treated thereafter with cement augmentation experienced pain relief, whereas the increased pain scores did not improve in those without cement augmentation (Fig. 3) . The calculated VBH prior to fracture was 2.8 cm (SD ¼ 0.47), and it diminished to 1.5 cm (SD ¼ 0.59) after fracture but prior to the procedure. Immediately after kyphoplasty, the VBH increased to 1.9 cm (SD ¼ 0.64, p < 0.01). This gain in VBH was reduced to 1.8 cm (SD ¼ 0.61, p < 0.01) 12 months postoperatively, but it was still significantly higher than the preoperative value (p < 0.01; Fig. 4) . The calculated average KA prior to fracture was À1 degree (SD ¼ 5.8), indicating slight lordosis. After the fracture, the KA significantly increased to 13.4 degrees (SD ¼ 8.1) prior to kyphoplasty. After the procedure, the KA was significantly reduced to 10.8 degrees (SD ¼ 9.1, p < 0.01). However, the correction of the KA was lost 12 months after kyphoplasty, and increased to 13.3 degrees (SD ¼ 9.5, p < 0.01), which was not significantly different from the angle prior to kyphoplasty (p ¼ 0.6; Fig. 5 ).
We evaluated how age and mobility of the fracture, the volume of injected cement, and loss of correction correlated with postoperative changes in the VBH and KA (Table 2 ). Significant correlations were found between fracture mobility and the correction of VBH and KA (r ¼ 0.58, p < 0.01, and r ¼ 0.58, p < 0.01, respectively, Fig. 6 ); between the fracture mobility and loss of the KA correction (r ¼ 0.58, p < 0.01; Fig. 7) ; and between the loss of correction 12 months after the procedure and the extent of correction (r ¼ 0.54, p < 0.01, and r ¼ 0.49, p < 0.01, respectively, Fig. 8 ).
There was no correlation with regard to the age of the fracture. Pain improvement was not affected by the change in KA at 12 months (r ¼ 0.13, p ¼ 0.2).
DISCUSSION
We evaluated the efficacy of kyphoplasty using an intravertebral expander to correct the KA and restore the VBH. Thirty-one patients with a non-traumatic OVBF were followed for 12 months after surgery. The procedure was not more time-consuming than balloon kyphoplasty [11] [12] [13] and the perioperative patient care was comparable with other vertebral body augmentation techniques. The KA and VBH were significantly improved by the procedure, but the correction of the KA was completely lost and that of the VBH was partially lost over the follow-up period. All patients, except for those with adjacent vertebral fractures, experienced significant, and persistent pain relief. The improvement in pain level did not correlate with the immediate postoperative correction of the KA and restoration of the VBH or with the loss of the kyphosis correction over the follow-up period. The correction and later loss of the KA and VBH significantly correlated with the preoperative mobility of the fracture. Interestingly, a significant correlation was found between the extent of correction by kyphoplasty and the loss of improvement that occurred in the follow-up period.
The evaluation of radiographic parameters following the vertebral body fracture and kyphoplasty entails some critical points that should be considered. As McKiernan et al. 8 reported, there are different ways to measure a change in VBH on radiographs. If absolute values are measured, they should be related to a morphologically unchanged reference, such as a non-fractured adjacent vertebral body, to avoid magnification errors on subsequent radiographs generated by changes in the patient's position or tube-to-film distances. Another source of error may result from the determination of the distance points of fractured endplates because the morphology of the endplate is changed due to the fracture. In contrast, the measurement of the KA is not affected by magnification errors or changes in morphology because the posterior wall of the vertebral body is not involved in the fracture. Furthermore, it is possible to have an increase in VBH without a change in the KA when only parts of the vertebral body gain in height. This may explain the discrepancy between the complete loss of the KA correction and the partially maintained VBH in our study, suggesting that small local elevation of the VBH does not affect spinal alignment. Thus, spinal alignment is more strongly affected by changes in the KA than in changes in the VBH; therefore, the KA is a more accurate and biomechanically more relevant parameter than the VBH.
The SpineJack 1 was developed as an intravertebral expander to improve the reduction of the fractured vertebral body versus BK. This was thought to be achieved in two ways. First, expansion of the implant occurs only in the cranial and caudal direction, pushing the endplates apart from each other. Second, the reduction is maintained while cement is injected. Thereafter, the expanded implant is contained in injected cement, which stabilizes the fracture and maintains the vertebral body reduction. Since the introduction of the SpineJack with regard to the restoration of VBH and correction of KA when compared with vertebroplasty 14 and BK. 15 However, in both studies, loss of correction was observed with the SpineJack 1 in the follow-up period, but was still significantly superior to the baseline value. Interestingly, no correction was achieved with BK in the study by Noriega et al. 15 In our study, a significant correction was achieved postoperatively with the SpineJack 1 , but the KA correction was lost and not significantly different from the baseline at the end of follow-up.
Progressive loss of correction after reduction and cement augmentation of the vertebral body usually results from "re-fracture" and subsidence of the vertebral body (Fig. 9) . Biomechanical studies have shown that the degree of subsidence is higher after kyphoplasty than vertebroplasty. 16, 17 It was postulated that the interdigitation of polymethylmethacrylate (PMMA) with surrounding bone in vertebroplasty leads to a smooth transmission of load from the bone to PMMA; whereas in BK, a non-interdigitated cystic-like pattern of cement filling may result in greater stress to the bone between the cement and endplate in a way that favors further subsidence. Clinical studies have analyzed vertebral bodies with subsidence that were treated with vertebroplasty or kyphoplasty 18, 19 and found re-fracture correlated with fracture mobility due to an intravertebral cleft. The authors suggested that further subsidence may be caused by osteonecrosis, which is indicated by the presence of an intravertebral cleft and fluid-filled void. In a retrospective analysis, Lin et al. 20 found that the risk of re-fracture increased along with the anterior vertebral height gained from vertebroplasty. The findings of Lin et al. are consistent with the results of our study, as the loss of correction in the follow-up period significantly correlated with the amount of KA correction. Thus, greater KA correction is a risk factor for subsidence and loss of the improvement. It is possible that the higher degree of reduction over-stresses the vertebral body, favoring subsidence. With regard to the intravertebral cleft, we think that it acts as a risk factor in two ways. First, it enables more reduction of the fracture, resulting in greater correction. Accordingly, Carlier et al. 21 had reported a significant difference in height restoration by vertebroplasty between patients with visible intravertebral cleft and those without a visible cleft. Second, with reduction of the fracture, the cleft in the vertebral body is opened to create a void where cement is predominantly filled, leaving non-augmented cancellous bone around it that is at risk of fracture. It is also possible that, in contrast to BK, the irregular shape of the void created by the expander is not filled completely by injected cement, resulting in subsidence.
If greater correction of the kyphotic deformity is associated with a higher risk of subsequent subsidence, it must be considered whether restoration of kyphosis is needed to obtain a better clinical outcome or if the outcome is negatively affected by the loss of correction. In our study, all patients had significant improvement in pain regardless of the extent of the deformity correction and the related loss during the follow-up period. Recently, a few randomized controlled studies (RCTs) compared the effectiveness of kyphoplasty with vertebroplasty in regards to clinical and radiological outcomes. [11] [12] [13] Liu et al. 11 demonstrated significantly higher restoration of the VBH and improvement of the kyphotic deformity by kyphoplasty when compared with vertebroplasty. All patients had significant pain reduction without any difference between the two groups. The limitation of this study is that the data were obtained preoperatively and postoperatively, and long-term results were lacking. In another RCT comparing kyphoplasty and vertebroplasty with a 2-year follow-up, the kyphosis was equally corrected with both treatments. 12 Loss of correction was observed in both groups during the follow-up, but less of the correction was lost with kyphoplasty than vertebroplasty after 2 years. A higher volume of cement was injected in the kyphoplasty group versus the vertebroplasty group and this may have prevented a greater loss of correction. However, the clinical outcomes of both groups included similar improvements in pain and disability during the follow-up period and were not affected by the difference in kyphotic deformity after 2 years. In a RCT, Meirhaeghe et al. 13 analyzed the kyphosis correction of a fractured vertebral body by BK and its effects on clinical outcome versus non-surgical treatment. They found a significant correction of the KA with kyphoplasty that was lost slightly at 3 and 12 months, but the difference was not significant. In contrast to other studies, they found a weak correlation between correction of the KA and clinical outcome (SF-36 physical component summary; r ¼ 0.2, p ¼ 0.034). However, this correlation was found 3 months after surgery and was not evaluated during follow-up. Thus, it is not clear whether restoration of the spinal alignment by kyphoplasty leads to better clinical results or if the loss of correction negatively affects the clinical outcome.
Cement leakage is a frequent event during the augmentation of a fractured vertebral body and impairs the safety of the procedure. Cement leakage during kyphoplasty is reported to occur less often than during vertebroplasty. 22 The low leakage rate with BK is hypothesized to be the result of a lowpressure injection of cement into a created cavity 
CORRECTION WITH AN INTRAVERTEBRAL EXPANDER
surrounded by compacted cancellous bone. 23 In our study, the rate of cement leakage was evaluated by postoperative CT, which is the most accurate method for detecting any cement leakage. The leakage rate was 54.8%, which is relatively high compared with previous kyphoplasty studies. 24 One reason may be the difference in the voids created by the SpineJack 1 versus BK. As mentioned above, in BK, the trabecular bone is compressed aside spherically when inflating the balloon, resulting in the creation of a regular cavity surrounded by compacted cancellous bone. In contrast, the SpineJack 1 exerts vertical force to the endplates via thin blades, resulting in the creation of an irregular cavity without compaction of the surrounding cancellous bone. The SpineJack 1 also widens the cleft inside the vertebral body and this may facilitate the injected cement finding paths to the outside.
In conclusion, the results of our study indicate that small corrections of spinal deformities by kyphoplasty or the loss of correction over the follow-up period do not correlate with pain improvement. Furthermore, the correction of the kyphotic deformity, which is the main goal of kyphoplasty, seems to have an adverse effect on further subsidence. The restoration of spinal alignment by kyphoplasty is mainly determined by the mobility of the fracture prior to the surgery. Thus, the reduction of osteoporotic vertebral body fractures can be achieved more effectively by proper positioning of the patient rather than by the device used. However, these conclusions are limited due to the small number of patients enrolled in our study and the short postoperative follow-up period. Further investigations with larger numbers of patients and longer follow-up are encouraged.
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